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xzféief summary on the standard cosmoloqy

_/ Before discussing the braneworld cosmology, we first summarize the standard
cosmology in four-dimensional flat space

Cy 2 9
Friedmann equation (E) _ f’*_pl
a 3
_ a
Continuity equation 0=p+3 (—) (p+p),
(L
a(t) ~ TT in terms of the cosmological time

Standard cosmology relying on the matter content

1. Inflation with w = —1, : a ~ eHT
2. radiation-dominated era (w =1/3) : a ~ 71/2
3. matter-dominatedera (w =0) : a ~ 723




2. Braneworld model
\_/

We take into account another model called the braneworld or RS model, which can
 describe the expanding universe of the dual QFT.

Let us first assume that M+ are two five-dimensional bulk spaces with each own well-
defined metric, g_(+)MN, and that they are bordered through a four-dimensional brane
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L denotes the Lagrangian of bulk matter fields.

we hereafter focus on the case with the Zs symmetry ~/

4-dim. Brane in
which we live
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\_BaA motion of a brane in the braneworld model

Assume that the bulk has the following general metric

S

ds® = gyndzMdz" = —A(_r}dfg — B{T‘Jd."g + C(r) 0;;dx*da?,

The Israel junction equation governs the motion of the brane

g -
d—1"
7 : tension of the brane

7w - iInduced metric on the brane

Introducing a cosmological time on the brane
—dr? = — Adt* + Bdr?®.
the induced metric on the brane becomes the FRLW metric form

) )

dsy, = —dr* + a(7)? §da'ds’.  C(r) = a(r)?

Fa

The scale factor is determined by the Israel junction equation

dr 2 B a2 2 1
dr) 32C? B’
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ow can we realize the standard cosmologies on the brane?

"
In order to realize the matter in the braneworld model, we consider uniformly distributed

open strings which can be identified with fundamental matter.

1 d—1 N .
S = e /dd+1x\/—g (R —2A) — 1 Zﬁ/d2§,/_hh P00 X 05 X" Gy

In the static gauge with ¢ = ¢% and z = ¢!

x the density of the open string is given by

4
E = NT/V is an energy density of open strings

quark @ . >
Open string

boundary
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\——U’{gthe density of the open string, the Einstein equation reduces to

1
O R, — iRgW + Ag = 87GT,,

with the following open string’s energy-momentum tensor

T,ul/:_( _1)10 V. aX,u,aBXV

2 Vg

Intriguingly, this Einstein equation allows the following exact solution

ds’ = — (—f(z)dt2 + dz* + 5ijd:1:idxj>

b
f(z)

with | £
flz)=1- 3 (cf. f(2)=1-— mz? for a Schwarzschild BH)

=

which is called the string cloud geometry. This string cloud geometry looks like a black hole
geometry.
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\}ﬂépr‘ésent model, we considered uniformly distributed strings.

In a flat geometry, the uniformly distributed matter cannot make a black hole because it

~ requires a well localized matter.

However, this is not true for the AdS sapce due to the nontrivial warping factor.

black hole

open strings in a flat space open strings in an AdS space
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\—Vén also introduce a localized matter corresponding to a black hole mass m

E m

2)=1—— — —
o f(2) -

Then, the dual geometry represents a quark-gluon plasma

- open strings : fundamental matter (quark, massive matter)

- black hole mass : adjoint matter (radiation, gluon)

A generalized string cloud geometry

ds? = i (—f{r‘bdtf + J--di‘idx'j) -- i dr?
. 12 ] 1] - f‘zf[fjll 1
with the following blackening factor
E m
f2)=1-=—=.
1 7

where &€ = NT /V is an energy density of open strings

uu N

N/



- 4

-\/h/a generalized string cloud geometry, the junction equation reduces to

(dr)z (O’E 1 ) 2, E 1_|_ m 1
— f— —_— — — I]"_ —_——— —_—
- dr 36 R? R?2y  R2Z242

The induced metric on the brane becomes
r(r)?

R2

9 9 . . -
dsy, = —d1° + d;jdx'dx’.

Possible cosmologies in the braneworld model

1. Time-independent universe

For an AdS space with & = m = 0 | if the brane has a critical tension

[Tf.' : p— u

R

the brane does not move and the scale factor of the brane world becomes time-

independent



2. Ete«/na’rinflationary era

\_/
For an AdS space with & = m = 0 | if the brane has a non-critical tension
"’ dr o2 1

dir V3 R’

the radial motion of the brane determines the cosmology on the brane
Hr

r(t)=mr; €

with a Hubble constant

where r; is the position of the brane at = =0

3. Matter-dominated era

Taking o = o. and m = 0, the open string’s density determines the radial motion of

the brane _
dr B vE 1
dr R rl/2
In this case, the scale factor results in ~r
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4. Radiation-dominated era

\_/

In the string cloud geometry with ¢ = o. and £ = 0, the brane’s radial motion is

determined by d_} _ ‘v"'ﬁl
dr R r
The solution of this junction equation is
fy.-1/4
, /2m* i
r(T) = v T+

VR

which corresponds to the radiation-dominated era, as expected.

—

Now, let us consider the time-dependent entanglement entropy in the above

expanding universes

- To do so, we introduce a new coordinate z = R*/r
- It is worth noting that the RT formula is sufficient to calculated the time-dependent
entanglement entropy in the braneworld model, because the bulk geometry is time-

independent.
- Time-dependence of the entanglement entropy comes from the time-dependent

\/\J "t

boundary condition.
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\_*T,@%ldependent entanglement entropy in a static geometry

For a five-dimensional AdS space
RQ

ds? (d,, — dt? + du? + u? df’z)

e

- Divide the system into two parts, a subsystem and its complement, and

parameterize the subsystem size as () < ¢ < |

- The entanglement entropy is determined by

v pd 1())/ ] \/1+~/)
= auly ————
4G )y

- The equation governing the minimal surface configuration is
0=1+2"+2z

r

- The minimal surface configuration satisfies
=VI2+ 32—

where Z indicates the posmon of the boundary.

- Finally, we obtain a time-independent entanglement entropy

o _ R:& [Z%QQ P 1 .5. 12
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8 Timeﬂepeﬁﬂﬁentanglement entropy in expanding universes

1. Jdme-dependent entanglement entropy in the inflating universe

For an eternally inflating universe in the braneworld model, the bulk geometry is
given by the same AdS geometry. Thus, the previous time-independent solution is

still applicable. However, the brane moves in the braneworld model, we impose a

time-dependent boundary condition
2(1,u) = /12 + 2(1)% — w2

- The brane, which plays a role of the boundary for the minimal surface, moves in

the braneworld model

- In the late time era of the eternal inflation, the time-dependent entanglement
entropy finally reduces to

Ling) _ PrgSae®tT N R*Qs (1 + 2log(2R?/Iry)) B HR*Qar L0 (E—EH.—) |

“E T 8GR 16GR 8

- This result is consistent with the one obtained in the previous dS boundary model.
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2. Bfitanglement entropy in the radiation- and matter-dominated eras

-

The entanglement entropy is given by

~ Ry [P ul\/f+27
Sg = d

16 Sy AT
where o £ m
f(z)=1—-E2* —mz? with €= = 76 and m = T
2-1. In the radiation-dominated era
- The brane position is determined as
- _ “h<i
2h+ V25T
- In the late time era, the entanglement entropy increases linearly with time
g cFEEg cl’€) cﬂg l
E = . T——logT
635 Sv/_""h.“’i
1 1[)!2 2p 1
+——co (204 + + 101 +5|+0 | —
oo 5 e (35) 1 - (3
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2-2. lpfthe matter-dominated era

.

« - The brane position is determined to be

<1

14 (3/2)2/32; E1/3 72/3°

N’
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- In the late time era, the entanglement entropy increases by +4/2

1/3 ; 31/9
3\ T Al? s 4 cOLI2EE
Sp = (_) 20 £2/3.4/3 2 2/3

2 8 2573 x 313z,

; ) 519 ~
o 2 Ahlog (18€r’ ) . TreLER L0 ()
18 8T Ty T 2.2 36 256 T



\_/4 Discussion

- We have studied the time-dependent entanglement entropy in expanding

universes by applying two different holographic models

- Despite the fact that they are casually disconnected, the quantum correlation
leads to non-vanishing entanglement entropy, which increases with time in

expanding universes:

- For eternal inflation, Sp ~ 7

- Inthe radiation-dominated era, S, ~ r

- In the matter-dominated era, Sz~ 7"°
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